

















dimensional	 sustainability	 index	 for	 each	 alternative,	 by	 means	 of	 value	 functions	 and	
weights	 assigned	 to	 their	 different	 components.	 The	 model	 was	 developed	 and	 tested	
through	 seminars	 and	 questionnaires	 solved	 by	 specialists	 in	 the	 field	 and	 senior	
managers	in	the	Spanish	public	sector.		
The	 model	 is	 used	 to	 assess	 the	 sustainability	 of	 8	 alternatives	 including	 rigid	
reinforced	 and	 non‐reinforced	 concrete	 pipes	 as	 well	 as	 flexible	 polypropylene,	




the	 sustainability	 analysis	 applied	 in	 this	 case	 to	 sewerage	 pipes,	 but	 also	 applicable	 to	
other	areas.	The	sustainability	indexes	were	similar	for	diameters	of	400	mm	and	below,	
independently	 of	 the	 material.	 This	 fact	 justifies	 the	 penetration	 of	 the	 flexible	 tubes	
perceived	 in	 a	 market	 segment	 that	 has	 been	 dominated	 so	 far	 by	 the	 rigid	 pipes	
technology.	 However,	 concrete	 solutions	 are	 clearly	 better	 in	 terms	 of	 sustainability	 for	
wider	diameters.		


















At	present,	over	half	of	 the	global	population	 lives	 in	 cities	 (The	World	Bank	2014)	
and	 estimations	 for	 2050	 predict	 that	 it	 will	 grow	 (UNESCO	 2014).	 Cities	 have	 both	
positive	and	negative	sustainability	impacts.	On	the	one	hand,	urban	settlements	provide	
social	and	economic	 facilities	and	services	but,	on	 the	other,	 they	also	have	 far‐reaching	
ecological	 impacts	 (Diamond	 2005).	 The	 global	 environmental	 impact	 of	 cities	 varies	
around	 the	world	 (Newman	2006),	 as	 these	 consume	 the	75%	of	 the	world’s	 resources	
and	produce	the	75%	of	CO2	emissions	(Bouteligier	2013).	The	major	part	of	this	impact	
can	be	attributed	to	the	thousands	of	kilometers	of	various	service	networks	in	both	urban	
and	 interurban	 areas	 of	 each	 city	 (Rostum	 2000).	 This	 means	 that	 the	 sustainable	
management	of	urban	and	 interurban	networks	must	be	 taken	 into	account	 to	meet	 the	
essential	requirements	of	a	growing	population	(Gleick	1996;	Short	et	al.,	2012).		
Underground	 sanitation	 networks	 are	 difficult	 to	 access	 and	 their	 most	 frequent	
problem	 is	 leakage	 that	 cannot	 be	 easily	 detected	 or	 fixed	 and	 that	 has	 serious	
consequences.	 For	 example,	 leakage	 in	 drinking	 water	 networks	 increase	 water	
consumption	 in	 the	 use	 phase,	while	 leakage	 in	 sewer	pipes	 can	 contaminate	 the	water	







television	 and	 broadband	 internet	 services)	 simply	 increases	 routine	 and	 emergency	
maintenance	tasks.	Besides,	most	of	these	primary	networks	that	carry	increasingly	scarce	
resources	 have	 become	 old	 and	 even	 obsolete	 (Kleiner	 1997,	 Rostum	 2000).	 Some	
countries,	 such	as	Brazil,	where	 significant	 sewerage	networks	are	 still	 to	be	built,	have	
funded	research	projects	for	their	optimization	(Nascimento	2014).	The	choice	of	the	best	
piping	 material	 will	 be	 crucial,	 if	 only	 for	 sustainability,	 among	 other	 factors.	 In	 this	
regard,	greater	knowledge	of	 sewer	pipe	 technology	and	manufacturing	 techniques	now	
offer	 several	 alternatives	 (e.g.	 concrete,	 PVC,	 PE,	 PP,	 PFRV)	 appropriate	 for	 different	
conditions	with	different	degrees	of	satisfaction	(Viñolas	2010,	Petit‐Boix	et	al	2014).	
Concrete	and	plastics	 (PE,	PP,	PVC,	PFRV,	among	others)	are	 the	main	materials	 for	
the	manufacture	 of	 piping.	 The	 latter	 provide	 a	 flexible	 structure	while	 the	 behavior	 of	
concrete	is	rigid.	In	general,	plastic	tubes	are	of	reduced	weight	and	therefore	require	less	
machinery	 and	 labor	 for	 transport,	 handling	 and	 installation.	 In	 addition,	 their	
susceptibility	to	aggressive	chemical	and	bacteriological	agents	found	in	the	effluent	that	
circulates	 through	 the	 sewerage	 tubes	 is	 practically	 non‐existent.	 However,	 their	
mechanical	 properties	 weaken	 over	 time,	 due	 to	 the	 inherent	 ageing	 processes	 of	 the	
material.	 Likewise,	 rigorous	 compaction	 of	 the	 backfill	 is	 required	 that	 in	 consequence	
affects	economic	factors	(machinery)	and	the	completion	of	their	installation.		
On	 the	 contrary,	 concrete	 pipes	 show	 a	 more	 rigid	 behavior	 and	 their	 mechanical	
resistance	is	not	so	dependent	on	the	quality	and	execution	of	the	backfill.	 In	addition,	 if	
the	concrete	pipes	crack	while	in	service,	this	has	little	effect	on	their	durability,	provided	
that	 the	design	 and	execution	of	 the	 reinforcement	 (usually	 steel	 rebars)	 is	 sufficient	 to	
keep	 the	 crack	 openings	 within	 the	 established	 design	 values.	 On	 the	 contrary,	 their	
weight	is	notably	higher	in	comparison	with	the	plastic	solutions,	requiring	more	powerful	





1990s,	 environmental,	 economic	 and	 social	 impacts	 have	 been	 identified	 as	 the	 three	
principal	 aspects	of	 sustainable	development	 (ICLEI	1994).	 In	 this	 context,	 the	 technical	
literature	 contains	 numerous	Multi‐Criteria	 Decision	Making	 (MCDM)	methodologies	 to	
assess	 water	 resource	 management	 (Le	 Gauffre	 et	 al.,	 2007,	 Hajkowicz	 2007,	 Koo	 and	
Ariaratnam,	2008,	Hajkowicz	2008,	Koo	et	al.,	2009,	Nussbaumer,	2009,	Anda	et	al.,	2010,	
Yeh	 &	 Xu	 2013)	 and,	 even,	 sustainability	 assessment	 models	 for	 underground	
infrastructure	projects	(Koo	et	al.	2009).	However,	these	studies	are	rather	generalist	and	
have	 not	 been	 adapted	 to	 the	 analysis	 of	 sewer	 pipe	 materials	 in	 terms	 of	 the	 three	
previously	 mentioned	 aspects.	 An	 integrated	 sustainability	 assessment	 method	 has	




al.,	 2014).	 It	 assisted,	 for	 instance,	 in	 technical	 and	 economic	 decisions	 during	 the	
construction	of	hydraulic	infrastructure	and	Line	9	of	the	Barcelona	Metro	(Ormazabal	et	
al.,	 2008).	 Likewise,	 it	 formed	 the	 basis	 of	 a	 method	 that	 analyzed	 different	 building	
technologies	 for	 schools	 (Pons	et	al.,	 2012),	 reinforced	 concrete	 columns	 for	 supporting	
slabs	(Pons	et	al.,	2013),	investment	priorities	in	hydraulic	structures	(Pardo	and	Aguado	
2014)	 and	 wind	 turbine	 support	 systems	 (de	 la	 Fuente	 et	 al.,	 2014).	 In	 addition,	 a	




In	 this	 context,	 the	 objectives	 of	 this	 article	 are	 (1)	 to	 propose	 a	 method	 that	






















	Numerous	 factors	 influence	 the	 sustainability	 of	 sewerage	 pipe	 networks.	 Hence,	
certain	 limitations	have	been	placed	on	 the	 system	 that	will	 be	 studied,	 so	 as	 to	 ensure	
that	 its	 parameters	 are	 representative.	 In	 this	 regard,	 the	 discriminant	 factors	 were	
identified	 from	 among	 the	different	 alternatives	 to	 conduct	 an	 integrated	 analysis	 of	 all	
possible	components	and	phases	of	the	life‐cycle	of	the	pipes.		
The	 requirements	 under	 consideration	 are	 the	 three	 basic	 aspects	 of	 sustainability	
(economic,	environmental	and	social)	(United	Nations	2005),	plus	a	fourth	associated	with	
functionality.	 Likewise,	 the	 components	 considered	 in	 the	 analysis	 are	 the	 pipes,	 their	
special	components	and	the	joints.		
The	 life‐cycle	 of	 a	 pipe	 is	 conditioned	 by:	 (1)	 the	 extraction	 of	 materials	 for	 the	
manufacture	of	the	pipe;	(2)	its	manufacture;	(3)	its	transport;	(4)	its	installation;	(5)	the	
backfill/embedment	 of	 the	 drainage	 trench;	 (6)	 the	 useful	 life	 of	 the	 pipe	 (use	 and	
maintenance);	a	minimum	of	50	years	in	all	cases,	and;	(7),	its	deconstruction.	
The	 phases	 of	 life‐cycle	 analysis	 (LCA)	 under	 consideration	 cover	 the	 reception	 of	
materials	 into	 the	 factory	 up	 until	 the	 pipe	 installation	 phase	 on	 site.	 However,	 two	
exceptions	may	be	noted:	on	the	one	hand,	the	LCA	covers	the	extraction	of	raw	materials	
for	 the	 manufacture	 of	 the	 constituent	 materials	 of	 the	 pipes	 for	 the	 indicators	 of	 C02	
emissions	 and	 consumed	 energy.	 On	 the	 other	 hand,	 aspects	 related	 to	 the	 functional	
requirements	 are	 centered	 on	 the	 life‐cycle	 phase	 (service	 life)	 of	 the	 pipes.	 These	 two	
exceptions	are	 justified	by	 the	 fact	 that	 they	are	 the	most	clearly	discriminatory	aspects	
between	the	piping	alternatives.	
During	the	seminars,	it	was	concluded	that	a	1	km	length	of	the	network	would	be	a	
sufficiently	precise	definition	of	 a	 functional	 unit	 for	 analysis.	 In	 addition,	 it	was	agreed	
that	 the	 terrain	 where	 the	 trench	 would	 be	 excavated	 would	 be	 of	 standard	 quality,	
consisting	of	gravel	and	clayey	or	muddy	sands	(ATV‐127).	Both	aspects	are	crucial	for	the	
evaluation	of	economic	and	functional	aspects.	
Finally,	 an	 interurban	 network	 was	 considered	 and,	 therefore,	 aspects	 such	 as,	 for	
example,	 installation	 (and	 repair)	 time	 and	 contamination	 of	 the	 water	 table	 were	
respectively	 assigned	 different	 weights	 than	 would	 otherwise	 have	 been	 assigned	 for	
urban	 and	 rural	 networks.	 In	 any	 case,	 it	 is	 important	 to	 underline	 that	 the	 proposed	





Thus,	 the	 coherence,	 representativeness	 and	 objectivity	 of	 the	 criteria	 and	 indicators	
under	consideration	will	guarantee	the	goodness	and	credibility	of	its	results.	The	detailed	
items	 of	 the	 decision	 tree,	 formed	 of	 the	 4	 previous	 requirements,	 10	 criteria	 and	 14	
indictors,	 for	 the	 sustainability	 evaluation	 of	 the	 sewerage	 pipes	 (Parrot	 2008;	 Viñolas	
2010)	appear	in	table	1	below.		
In	addition	to	the	seminars	with	experts	for	the	construction	of	this	specific	decision	
tree	 in	 the	 case	 study	 (table	1),	 current	 academic	 and	 technical	 publications	 related	 to	
sewerage	 pipes	 were	 researched	 (ATHA	 2000;	 CEDEX	 2006;	 UNE	 127916:2004;	 UNE	
53331:1997;	Balairón	2006;	ACPA	2011;	Carleo	et	al	2012;	Plastics	Pipe	Institute	2008;	de	





The	 weightings	 attached	 to	 the	 indicators	 of	 each	 criterion,	 to	 the	 criteria	 of	 each	


































Analytic	 Hierarchy	 Process	 (AHP)	 methodology	 (Saaty,	 1980)	 was	 used	 to	 set	 the	
weights	(table	1),	guided	by	the	 information	gathered	 from	the	experts	at	 the	seminars.	
These	 weightings	 respond	 to	 a	 general	 interurban	 sewerage	 network	 that	 is	 neither	
specifically	for	a	rural	nor	for	an	urban	setting.	It	may	be	seen	that:	(1)	the	administrations	
assign	similar	weights	to	both	the	environmental	and	the	economic	aspects	and	somewhat	
higher	 ones	 to	 the	 social	 aspect;	 (2)	 the	 importance	 of	 the	 functional	 requirement	 is	
secondary,	 as	 the	 administrations	 assume	 that	 strict	 compliance	 with	 the	 standards	 is	











which	 contains	 aggressive	 elements	 for	 the	 tube	 material	 and	 deterioration	 due	 to	
abrasion	may	 even	occur.	 For	 example,	 sulfur	 reduction	 can	occur	 in	 sewer	wastewater	
that	 stagnates	 or	 flows	 at	 low	velocity	 inside	 concrete	piping,	which	 can	 affect	 both	 the	
concrete	 and	 its	 reinforcement	 (CEDEX,	 2006).	 The	 concrete	 layer	 is	 usually	 thickened	
and/or	plastic	sheets	are	used	to	line	the	interior	of	the	pipe	to	guarantee	its	useful	life;	all	
of	which	 therefore	 increases	 the	 cost,	 the	 number	 of	 operations	 and	 the	 environmental	
impact	linked	to	the	materials.	On	the	other	hand,	plastic	materials	in	contact	with	certain	
substances	 present	 in	 the	 soil	 or	 in	 the	 liquid	 carried	 in	 the	 pipes	 will	 age,	 causing	
brittleness	and	weakening	of	their	structural	capability.		
Criteria	 C2	 is	 intended	 to	 take	 account	 of	 the	 technical	 risks	 of	 failure	 of	 the	 joints	
between	the	pipes	and/or	with	other	components	(I2)	and	is	the	indicator	that	evaluates	









Finally,	 criteria	 C3	 includes	 the	 indicator	 of	 added	mechanical	 capability	 (I3).	 This	
refers	 exclusively	 to	 structural	 aspects	 and	 rewards	 the	 fact	 that	 one	 type	 of	 pipe	 can	
withstand	 the	 conditions	 established	 in	 the	 construction	 project	 with	 a	 higher	 safety	






safety	 coefficients	 for	 each	 type	 of	 pipe	 are	 different	 or	 because	 the	 resistance	
classifications	of	the	pipes	are	not	the	same	(it	is	not	standard	practice	to	manufacture	a	
specific	pipe	for	a	specific	strength	of	concrete)	and,	therefore,	there	is	always	leeway	with	
regard	 to	 the	 required	 specifications,	 which	 will	 depend	 on	 the	 extent	 of	 the	 range	 of	
resistant	categories	of	each	type	of	tube.		
In	 addition,	 plastic	 pipes	 are,	 for	 example,	 less	 likely	 to	 be	 damaged	 by	 soil	





It	 should	be	stressed	 that	 criteria	C3	 includes	no	hydraulic	aspects	as	 these	are	not	
discriminants	in	the	case	study.	In	this	regard,	although	it	is	true	that	concrete	pipes,	for	
example,	 usually	 present	 higher	 internal	 roughness	 coefficients	 than	 plastic	 tubes	 in	 an	
initial	 comparison	 (before	 entering	 into	 service),	 this	 difference	 is	 lessened	 when	 a	
representative	 section	 of	 the	 network	 is	 considered,	 as	 biological	 flora	 and	 decantation	
that	 occur	 during	 the	 life‐cycle	 of	 the	 network	 determine	 the	 internal	 roughness	 of	 the	
tube	 and,	 in	 consequence,	 the	 loss	 of	 hydraulic	 load.	 These	 deposits	 occur	 in	 the	 same	
magnitude	regardless	of	the	type	of	pipe	(UPV,	1998).	
2.3.4 Economic	requirement	
The	 economic	 requirement	 is	 represented	 by	 two	 criteria:	 cost	 (C4)	 and	 time	 (C5).	
Criteria	C4	includes	a	single	indicator	(I4)	that	evaluates	the	total	cost,	the	sum	of	all	costs	
associated	 with	 the	 manufacture	 of	 the	 pipe,	 which	 depends	 on	 the	 pipe	 material,	 its	
transport	and	installation.	These	last	two	aspects	depend	principally	on	whether	the	pipe	
is	 rigid	 or	 flexible,	 as	 the	 differences	 between	 both	 classes	 of	 pipe	 are	 related	 to	 their	
weight,	which	is	the	principal	factor	that	governs	both	costs.		
On	this	point,	(CEDEX,	2006;	Hernández,	2002)	establish	that	both	typologies	usually	
require	 trenches	 with	 similar	 geometric	 characteristics	 for	 the	 same	 pipe	 diameter.	 In	
consequence,	 excavation	 costs	 are	 not	 a	 discriminant	 factor.	 However,	 it	 should	 be	
mentioned	that	the	degree	of	soil	compaction	following	the	installation	of	the	pipe	is	more	
demanding	for	flexible	pipes,	as	their	mechanical	capability	depends,	to	a	great	extent,	on	
the	 soil‐structure	 interaction.	 Nevertheless,	 in	 terms	 of	 economic	 costs	 related	 to	 the	
installation,	 a	 standard	 level	 of	 compaction	 specified	 as	 Proctor	Normal	 PN	 ≤	 85%	was	
considered	 for	 the	different	pipe	 typologies.	 If	differential	compaction	strategies	have	 to	
be	 considered	 in	 accordance	 with	 the	 type	 of	 pipe,	 the	 associated	 cost	 in	 the	 same	
indicator	(I4)	may	be	added.	
Finally,	 criteria	 C5	 covers	 the	 temporal	 variable	 in	 terms	 of	 the	 execution	 time	
associated	with	 each	 alternative	 tube	 (I5).	 This	 indicator	 includes,	 on	 the	one	hand,	 the	
time	 the	 supplier	 needs	 to	 deliver	 the	 alternative	 selected	 in	 the	 plans,	 as	 the	
manufacturer	may	have	it	 in	stock	(if	 frequently	used)	or	may	have	to	manufacture	it	ad	
hoc	 for	 the	 specific	 site	 (standard	 in	 concrete	 tubes,	 for	 example),	 depending	 on	 the	
diameter,	material	and	resistant	category	that	is	selected,	thereby	increasing	the	time	and	
the	 execution	 period	 in	 the	 last	 case.	 Moreover,	 the	 execution	 time	 on	 site	 should	 be	
included	 in	 each	 alternative,	 which	 differs	 in	 accordance	 with	 the	 weight	 and	 length	
(number	of	joints)	of	the	piping.		
Indicator	 I5,	 even	 though	 it	 has	 a	 temporal	 connotation,	 is	 relevant	 at	 an	 economic	
level	 according	 to	 the	 Project	 Managers	 who	 participated	 in	 the	 seminars	 and	 who	
confirmed	that	the	 longer	the	total	required	time,	 the	greater	the	associated	costs	of	 the	
work	and	the	greater	the	risks	of	delay	(economic	penalties).		
2.3.5 Environmental	requirement	






and	 important	 for	 any	 sector	 at	 a	 global	 level	 (greenhouse	 effect).	 The	 following	 points	
were	included	(Baldasano	et	al.,	2005)	in	the	analysis	of	the	life‐cycle:	(1)	the	extraction	of	




The	purpose	of	 criteria	C7	 is	 to	minimize	 the	 consumption	of	 resources	 in	 terms	of	
raw	materials	for	completion	of	the	installation	(I7),	water	(I8)	and	energy	(I9).		
The	evaluation	of	indicators	I6	and	I9	was	carried	out	through	a	lifecycle	analysis	for	
each	 of	 the	 alternative	 pipes.	 Indicator	 I8	 was	 evaluated	 in	 terms	 of	 the	 percentage	 of	
recycled	water	(rain	water	or	recycled	wastewater	in	the	factory)	as	a	proportion	of	total	
water	consumption	 for	 the	manufacture	of	 the	pipe,	so	as	 to	promote	sustainable	usage.	
Likewise,	 indicator	 (I7)	 was	 evaluated	 in	 relation	 to	 the	 backfilling	 material	 that	 is	
employed	 following	 the	 installation	 of	 the	 pipe.	 The	 indicator	 promotes	 those	 solutions	
that	 include	 the	 use	 of	 excavated	 earth	 as	 backfilling	 material	 and	 penalizes	 those	
solutions	 that	 require	 additional	 material	 to	 complete	 the	 trench	 and	 to	 guarantee	 the	
mechanical	requirements	of	the	system.		
Finally,	the	inclusion	of	indicator	I10	under	criteria	C8	has	the	purpose	of	encouraging	
an	 environmental	 commitment	 among	 pipe	 manufacturers	 and	 is	 intended	 to	 evaluate	
their	environmental	sensitivity.	This	 indicator	covers	all	 those	preventive	measures	 that	
the	manufacturer	introduces	in	the	factory	to	reduce	the	environmental	impact	(silencers,	





The	 social	 requirement	 criteria	 adopted	 for	 this	 study	 were	 labor	 safety	 (C9)	 and	
third	 party	 affectations	 (C10).	 In	 this	 case,	 the	 phases	 with	 a	 direct	 effect	 on	 this	
requirement	 are:	 (1)	manufacture,	 (2)	 transport,	 and	 (3)	 laying	 of	 the	 pipes,	which	 are	
principally	influenced	by	the	weight,	material	and	type/number	of	unions	associated	with	
each	alternative.	None	of	 the	three	 following	phases	were	 included:	(1)	extraction	of	 the	
materials	 for	 the	 manufacture	 of	 the	 pipes;	 (2)	 their	 deconstruction,	 if	 outside	 the	
boundaries	of	the	system	(section	2.1);	and,	(3)	excavation‐backfilling	of	the	trench,	with	
the	same	reasoning	as	for	the	earlier	requirements.	
Criteria	 C9	 is	 composed	 of	 indicator	 I11	 with	 which	 the	 potential	 existence	 of	
occupational	 risks	 in	 the	 production	 and	 execution	 phase	 is	 evaluated.	 Subsequently,	
criteria	 C10	 evaluates:	 (1)	 interruptions	 owing	 to	 repairs	 (I12)	 that	 affect	 the	 network	
supply	 and	 other	 services	 that	 are	 directly	 involved	 during	 the	 repair	 work	 (traffic,	
lighting,	 among	 others);	 (2)	 contamination	 of	 the	water	 table	 (I13),	which	 can	 apply	 to	
those	 environments	 in	 which	 water	 is	 extracted	 for	 public/private	 consumption	 and	
irrigation	(rural	areas,	for	example);	and,	(3)	the	vulnerability	of	the	pipe	(I14)	to	future	







A	 total	 of	 8	 alternative	 pipes	 (table	 2)	 with	 different	 nominal	 diameters	 (Dn)	 and	
constituent	 materials	 were	 analyzed	 in	 terms	 of	 their	 sustainability	 using	 the	 MIVES	
methodology	described	in	the	preceding	sections.	These	alternatives	are	representative	of	
urban,	 rural	 and	 interurban	 sewerage	 systems	 for	 a	 high	 range	 of	wastewater	 flow	 and	
classes	of	pipe	resistance.		
Accordingly,	 piping	 with	 a	 Dn	 of	 400,	 800,	 1200	 and	 2000	 mm	 were	 selected.	
Likewise,	the	resistant	classes	(in	terms	of	 load‐bearing	capacities	for	the	concrete	pipes	
or	 circumferential	 stiffness	 for	 the	 flexible	 pipes)	 were	 chosen,	 so	 that	 the	 material	
alternatives	for	each	Dn	were	of	an	equivalent	mechanical	capacity.	The	weight	per	meter	
(W)	is	included	in	the	same	table	2.	
The	 following	 alternatives	 were	 considered:	 400	 mm	 –	 Dn	 unreinforced	 concrete	









Dn	(mm) Material	 Di (mm) h (mm) W (kg/m) CODE	
400	 UC	 400 60 240.0 UC‐400	PP	 400 50 8.3 PP‐400	
800	 SBRC	 800 100 705.0 SBRC‐800	PVC	 748 26 8.9 PVC‐800	
1200	 SBRC	 1200 140 1395.0 SBRC‐1200	PE	 1030 85 67.5 PE‐1200	
2000	 SBRC	 2000 215 3650.0 SBRC‐2000	PRFV	 1958 45 384.0 PFRV‐2000	
	
Moreover,	400	mm‐Dn	 polypropylene	pipes	 (PP)	and	800	mm‐Dn	 chloride	polyvinyl	
chloride	(PVC)	pipes	were	also	assessed,	both	with	a	circumferential	stiffness	of	SN	8	and	
a	 compact	 cross	 section.	 Finally,	 a	 1200‐Dn	 polyethylene	 (PE)	 pipe	 with	 a	 dual	 wall	


















3. Installation	 in	 a	 vertical	 trench	 on	 a	 granular	 embedment	 at	 an	 angle	 of	 60º	 with	
respect	to	the	centre	of	the	pipe.	The	terrain	coverage	is	twice	the	Dn	above	the	crown	
of	 the	 pipe,	 except	 for	 those	 with	 Dn	 =	 2000	 mm,	 for	 which	 3.0	 m	 is	 considered.	
Likewise,	 the	 width	 of	 the	 trench	 allowed	 for	 0.20	 m	 on	 each	 side	 of	 the	 pipe;	 a	
minimum	value	that	guarantees	ease	of	installation	and	soil	compaction.		




conditions	 (scenario	 B),	 and,	 poor	 conditions	 (scenario	 C)	 were	 all	 assumed	 for	 the	
evaluation	of	water	consumption	(I8)	and	the	environmental	sensitivity	of	the	production	
plant	(I10).	
The	evaluation	of	 the	 indicators	 for	CO2	emissions	 (I6)	and	 for	energy	consumption	
were	 based	 on	 studies	 completed	 by	 (Baldasano	 et	 al.	 2005;	 Specht	 &	 Lorenz	 2008;	
Häkkinen	&	Mäkelä	 1996),	 in	which	 they	 propose	 average	 values	 for	 these	 variables	 in	
relation	to	each	component	of	the	lifecycle	analysis.	
3.3. Quantification	of	the	indicators	
Having	 considered	 the	 analytical	 hypotheses	 established	 in	 section	 3.2	 and	 the	
additional	 information	 gathered	 at	 the	 seminars	 and	 surveys,	 the	 evaluation	 of	 each	
indicator	is	presented	in	table	3.	
Quantification	 of	 indicators	 I1‐I2,	 I5,	 I11‐I14	was	 done	 through	 16	 surveys	 sent	 to	
individuals	with	 technical	 expertise	 in	 the	 design	 and	 execution	 of	 sewerage	 networks.	
The	 respondents	were	 asked	 to	 evaluate	 the	 indicators	 on	 the	 basis	 of	 a	 scale	 of	 rising	
intensity	 graded	 by	 the	 following	 points:	 very	 low,	 0	 points;	 low,	 2	 points;	 medium,	 4	
points;	high,	6	points;	very	high,	8	points;	all	of	which	previously	defined	in	the	seminars.		
The	remainder	of	 the	 indicators	were	approached	by	 taking	 into	account	 the	points	
presented	in	sections	2	and	3.2.		
3.4. Value	functions	
A	value	 function	was	proposed	 for	each	of	 the	 indicators	 (Alarcón	et	 al.,	 2011)	 that	
transforms	 the	 units	 of	measurement	 of	 each	 indicator	 into	 an	 adimensional	 value	 unit	
somewhere	 between	 0	 and	 1.	 These	 represent	 the	 valuation	 from	 zero	 to	 maximum	
satisfaction,	 respectively.	 This	 scale	 of	 adimensional	 values	 is	 necessary	 to	 even	out	 the	




Indicators	 Dn	(mm)	 400	 800	 1200	 2000	Materials	 UC PP SBRC PVC SBRC PE	 SBRC	 PRFV
I1.	Surface	degradation (points)	 6.25 2.13 5.88 2.63 5.75 2.75	 6.75	 2.38
I2.	Risks	at	joints	(points)	 0.88 4.88 1.63 5.75 2.63 6.38	 3.38	 2.88
I3.	Extra	capacity	(kg/m2)	 3500 100 5000 300 5000 0	 5000	 700
I4.	Total	cost	(€/m)	 24.3 54.8 93.0 153.3 165.7 359.8	 420.9	 1370.9
I5.	Execution	time	(points)	 2.63 0.50 4.25 2.13 5.75 2.63	 7.00	 6.13
I6.	CO2	emissions	(kgCO2/m)	 22.3 14.4 65.7 215.3 129.7 113.4	 339.5	 940.0
I7.	Raw	material	(points)	 1.00 0.67 1.00 0.67 1.00 0.00	 1.00	 0.67
I8.	Recycled	water	
(%)	
Scenario	A	 100	 100	 100	 100	 100	 100	 100	 100	
Scenario	B	 50	 75	 50	 75	 50	 75	 50	 75	
Scenario	C	 0	 50	 0	 50	 0	 50	 0	 50	
I9.	Required	energy	(MJ/m)	 144 48 423 756 837 828	 2190	 3300
I10.	Sensitivity	
(points)	
Scenario	A	 1.0 1.0 1.0 1.0 1.0 1.0	 1.0	 1.0
Scenario	B	 0.5	 0.5	 0.5	 0.5	 0.5	 0.5	 0.5	 0.5	
Scenario	C	 0.0 0.0 0.0 0.0 0.0 0.0	 0.0	 0.0
I11.	Labor	risks	(points)	 2.88 0.50 3.88 2.13 6.50 3.13	 7.75	 5.50
I12.	Repair	time	(points)	 2.63 0.5 4.25 2.13 5.75 2.63	 7.00	 6.13
I13.	Water	table	contamination	
(points)	 2.56	 3.63	 3.13	 4.19	 4.13	 4.94	 4.94	 5.81	
I14.	Vulnerability	(points)	 2.50 6.75 2.00 6.25 2.50 7.25	 2.88	 5.50
	











X	 is	 the	 abscissa	 value	 for	 the	 assessed	 indicator;	 Pi	 is	 a	 shape	 factor	 which	 defines	
whether	the	curve	will	be	concave	(Pi<1),	convex	(Pi>1),	linear	(Pi	=	1)	or	S‐shaped	(Pi>1),	














The	 satisfaction/value	 of	 the	 indicators	 involved	 in	 the	 present	 study	 can	 be	
satisfactorily	represented	with	decreasing	functions	(D),	these	being	linear	(DL),	concave	










Indicator	 Units	 Dn Xmin Xmax C K	 P	 Shape
I1,	I2,	I5,	I11‐I14	 Points	 Independent 0 8 1 ≪1.00	 1.00	 DL
I3.	Extra	Capacity	 kg/m2	 Independent	 0	 5000	 1000	 0.70	 0.55	 DC	
I4.	Total	cost	 €/m	
400 170 20 95 0.95	 1.95	 DS
800 405 50 225 0.95	 1.95	 DS
1200 760 150 390 0.95	 1.95	 DS
2000 1350 400 530 0.95	 1.95	 DS
I6.	CO2	emissions	 kgCO2/m	
400 109 14.78 35 0.95	 1.95	 DS
800 321 165 165 1.00	 1.25	 DS
1200 635 115 300 1.00	 1.95	 DS







400 57.9 24.5 24,5 1.00	 3.00	 DS
800 906 73.32 350 0.95	 1.95	 DS
1200 993 145 350 0.65	 3.00	 DS












400	 UC	 0.68	 0.92	 0.64	 0.	44	 0.24	 0.67	PP	 0.45	 0.85	 0.90	 0.75	 0.60	 0.64	
800	 SBRC	 0.69	 0.83	 0.98	 0.78	 0.58	 0.59	PVC	 0.44	 0.76	 0.61	 0.46	 0.31	 0.54	
1200	 SBRC	 0.65	 0.85	 0.88	 0.68	 0.48	 0.41	PE	 0.29	 0.72	 0.70	 0.55	 0.40	 0.44	




structural	 capacity	 of	 a	 flexible	 solution	 and	 because	 of	 their	 technical	 advantages	 in	





value	than	the	UC‐400	pipes;	however,	 the	 tendency	was	reversed	 for	higher	Dn	and	the	
SBRC	pipes	scored	more	favorably	than	the	flexible	solutions.	These	higher	scores	were	in	
part	due	to	the	need	for	screened	(selected)	soil	as	a	backfill	for	these	flexible	tubes	with	a	





Dn	(mm)	 Material	 Scenario	A		 Scenario	B		 Scenario	C		
400	 UC	 0.75	 0.68	 0.61	PP	 0.78	 0.73	 0.68	
800	 SBRC	 0.81	 0.75	 0.68	PVC	 0.63	 0.58	 0.53	
1200	 SBRC	 0.74	 0.67	 0.61	PE	 0.60	 0.55	 0.50	
2000	 SBRC	 0.72	 0.65	 0.58	PFRV	 0.34	 0.29	 0.24	
	
The	remaining	indicators	for	the	environmental	criteria	present	practically	equivalent	
values	 for	all	 the	alternatives	under	study.	The	PFRV‐2000	are	those	that	obtain	a	 lower	
index	value	for	the	environmental	requirement.	It	should,	in	addition,	be	underlined	that	
the	 prioritization	 for	 the	 different	 alternatives	 remains	 the	 same,	 regardless	 of	 the	
scenario	 under	 analysis	 and	 that,	 in	 any	 case,	 if	 the	 environmental	 sensitivity	 of	 the	




of	 the	 water	 table	 and	 vulnerability,	 while	 the	 flexible	 pipes	 had	 a	 better	 level	 of	
















3	 scenarios	 analyzed	 in	 the	 study	 case	 (case	 1)	 described	 in	 section	 3.2,	 four	 different	
extreme	 cases	 have	 been	 assessed.	 These	 additional	 cases	 focus	 on	 each	 of	 the	 four	
requirements	by	giving	a	weight	of	70%	to	this	main	requirement	and	10%	to	the	other	
three	 requirements.	 These	 cases	 are:	 functional	 case	 (case	 2);	 economic	 case	 (case	 3);	
environmental	case	(case	4)	and	social	case	(case	5).		
For	the	sake	of	the	interpretation	of	the	results	and	to	facilitate	the	analysis	of	these,	









 UC–400	 presents	 a	 greater	 sustainability	 index	 with	 respect	 to	 PP–400	 in	
those	 cases	 for	which	 the	 functional	 (0.68	 for	UC‐400	 and	0.54	 for	PP‐400),	
the	economic	 (0.82	 for	UC‐400	and	0.78)	or	 the	 social	 (0.75	 for	UC‐400	and	




 SBRC	 800	 and	 SBRC	 1200	 exhibit	 greater	 sustainability	 indexes	 in	 all	 the	
studied	 cases	 with	 regard	 the	 other	 alternatives	 studied	 (PVC	 800	 and	 PE	
1200,	 respectively).	 Likewise,	 it	 could	 highlighted	 that	 the	 sustainability	
indexes	 of	 both	 SBRC	 800	 and	 SBRC	 1200	 are	 quite	 robust	 since	 the	
sensitiveness	 of	 these	 with	 respect	 the	 extreme	 weighting	 variation	 is	 low:	
11.9%	for	SBRC	800	(0.79	for	case	4	and	0.70	for	case	3)	and	18.4%	for	SBRC	
1200	(0.77	for	case	4	and	0.75	for	case	3).	
 SBRC‐2000	 performs	 far	 better	 in	 terms	 of	 sustainability	 in	 contrast	 with	
PRFV‐2000	(from	14.3%	for	case	2,	functional,	to	335%	for	case	3,	economic).	











UC	400 PP	400 SBRC	800 PVC	800 SBRC	1200 PE	1200 SBRC	2000 PRFV	2000












A		 B		 C		 A		 B		 C		 A		 B		 C		 A		 B		 C		 A		 B		 C		Dn	
(mm)	 Material	
400	 UC	 0,75	 0,68	 0,61	 0,70	 0,68 0,66 0,84 0,82 0,80 0,68 0,54	 0,40	 0,77	 0,75 0,73PP	 0,78	 0,73	 0,68	 0,55	 0,54 0,52 0,79 0,78 0,76 0,82 0,72	 0,61	 0,67	 0,66 0,64
800	 SBRC	 0,81	 0,75	 0,68	 0,72	 0,70 0,68 0,81 0,79 0,77 0,90 0,76	 0,62	 0,77	 0,75 0,73PVC	 0,63	 0,58	 0,53	 0,50	 0,48 0,47 0,69 0,68 0,66 0,60 0,50	 0,39	 0,60	 0,58 0,57
1200	 SBRC	 0,74	 0,67	 0,61	 0,67	 0,65 0,63 0,79 0,77 0,75 0,81 0,67	 0,53	 0,73	 0,71 0,69PE	 0,60	 0,55	 0,50	 0,39	 0,37 0,36 0,65 0,63 0,62 0,64 0,53	 0,43	 0,52	 0,50 0,49
2000	 SBRC	 0,72	 0,65	 0,58	 0,61	 0,59 0,57 0,76 0,74 0,72 0,82 0,68	 0,54	 0,68	 0,66 0,64PRFV	 0,34	 0,29	 0,24	 0,53	 0,52 0,50 0,18 0,17 0,15 0,50 0,40	 0,29	 0,36	 0,34 0,33





study,	 which	 may	 be	 used	 to	 minimize	 subjectivity	 in	 the	 process	 of	 comparing	 and	
classifying	 pipe	 alternatives	 for	 sewerage	 networks.	 The	model	 has	 enabled	 to	 evaluate	
the	 sustainability	 index	of	 each	alternative,	 through	 the	value	 functions	and	 the	weights	
assigned	to	the	different	indicators,	criteria	and	requirements	of	the	decision	tree.	All	the	
elements	 that	 constitute	 the	model	were	established	 in	 the	 course	of	 seminars	 at	which	
experts	 in	 manufacturing,	 design	 and	 installation	 of	 sewerage	 pipes	 and	 networks	
participated	 alongside	 senior	 managers	 of	 decision	 bodies	 in	 the	 Spanish	 public	
administrations.	 The	 decision	 tree	 and	 its	 components	 were	 calibrated	 and	 oriented	
towards	satisfying	the	information	needs	of	public	administration	committees	where	the	
decisions	are	taken	in	relation	to	the	sewerage	networks.	
The	 model	 has	 been	 used	 to	 evaluate	 the	 degree	 of	 sustainability	 of	 8	 piping	
alternatives,	in	which	non‐reinforced	concrete	piping	(UC)	and	reinforced	SBRC	were	used	
as	 representative	 of	 the	 segment	 of	 rigid	 pipes,	 as	 well	 as	 polypropylene	 (PP),	
polyethylene	(PE),	poly(vinyl	chloride)	(PVC)	and	glass‐fiber	reinforced	polyester	(PRFV)	
pipes	from	the	market	segment	of	flexible	pipes.	Likewise,	nominal	diameters	of	400,	800,	




1. The	 proposed	 model	 constitutes	 an	 advance	 in	 terms	 of	 sustainability	 assessment	
since	 this	 guarantees	 great	 objectivity	 and	 clarity	 to	 the	method.	This	 gives	 greater	
legitimacy	 to	 the	valuation	of	 the	model	 that	virtually	anyone	could	use	 to	calculate	
the	 sustainability	 index.	 The	 results	 and	 conclusions	 of	 this	 study	 can	 serve	 to	
establish	the	foundations	for	subsequent	analyses	of	other	prefabricated	products,	as	
well	as	to	support	decisions	taken	within	the	public	administrations.	
2. The	 differences	 in	 terms	 of	 a	 sustainability	 index	 for	 the	 alternative	materials	with	
diameters	of	400	mm	(and	applicable	to	 lower	diameters)	were	not	significant.	This	
fact	 is	 reflected	 in	 the	 market	 with	 an	 important	 penetration	 of	 plastic	 pipes	 in	 a	
segment	 that	 was	 previously	monopolized	 by	 rigid	 concrete	 pipes.	 However,	 these	
differences	increase	with	the	diameter	of	the	pipes;	the	difference	in	the	sustainability	






value	 functions	 of	 the	 specific	 needs	 of	 the	 decision‐makers	 may	 be	 calibrated.	 The	
authors	especially	consider	that	the	organization	of	seminars	of	experts	together	with	the	
use	 of	 the	 AHP	 method	 for	 the	 allocation	 of	 weights	 is	 a	 very	 appropriate	 and	 useful	








components	 and	 the	 experts	 from	 different	 companies	 involved	 in	 the	 seminars	 and	












Alarcón,	 B.,	 Aguado,	 A.,	 Manga,	 R.,	 Josa	 A.,	 2011.	 A	 Value	 Function	 for	 Assessing	 Sustainability:	
Application	to	Industrial	Buildings.	Sustainability	3,	35‐50.	doi:	10.3390/su3010035.	
Anda,	 M.,	 Hodgson,	 N.,	 Dallas,	 S.,	 2010.	 Sustainability	 comparison	 of	 third‐pipe	 and	 seawater	
desalinion	 systems	 in	 Western	 Australia.	 Sustainability	 design	 for	 urban	 water.	 Water.	
September,	67‐72.	
Balairón,	L.,	2006.	Technical	standards	of	civil	works	in	general	and	pipes	in	particular.	III	Congreso	
de	 ingeniería	 civil,	 territorio	 y	 medio	 ambiente.	 Zaragoza.	 Colegio	 de	 Ingenieros	 de	
Caminos,	Canales	y	Puertos.	[In	Spanish]	
Baldasano,	J.M.,	Jiménez,	P.,	Gonçalves,	M.,	Parra,	R.,	2005.	Estimación	del	consumo	energético	y	de	
la	 emisión	de	CO2	asociados	a	 la	producción,	 uso	y	disposición	 final	de	 tuberías	de	PVC,	














steel	 fibre	 reinforced	 concrete	 pipes.	 Constr.	 Build.	 Mater.	 30,	 547‐55.	 doi:	
10.1016/j.conbuildmat.2011.12.015	
de	la	Fuente,	A.,	Escariz,	R.C.,	de	Figuereido,	A.D.,	Aguado,	A.,	2013.	Design	of	macro	–	synthetic	fibre	











options	 in	 the	 municipal	 water	 cycle.	 J.	 Clean.	 Prod.	 66,	 (1),	 doi:	 599‐609.	
10.1016/j.jclepro.2013.10.057	





Hajkowicz,	 S.,	 Higgins,	 A.,	 2008.	 A	 comparison	 of	multiple	 criteria	 analysis	 techniques	 for	water	
resources	management.	Oper.	Res.	184,	255‐265.	doi:10.1016/j.ejor.2006.10.045	














underground	 infrastructure	 projects.	 Canadian	 Journal	 of	 Civil	 Engineering,	 36	 (5),	 765‐
776.	doi:10.1139/L09‐024	
Le	 Gauffre,	 P.,	 Haider,	 H.,	 Poinard,	 D.,	 Laffréchine,	 K.,	 Baur,	 R.,	 Schiatti,	 M.,	 2007.	 A	multicriteria	





Nascimento,	 A.,	 2014.	Water	 Governance	 in	Metropolitan	 Areas	 ‐	 São	 Paulo	 University	 in	 Cross‐
sector	Interaction,	New	Identities,	and	Institutional	Capacity.	Brazil.	
Newman,	 P.,	 2006.	 The	 environmental	 impact	 of	 cities.	 Environment	 and	 Urbanization	 18,	 275.	
doi:	10.1177/0956247806069599	
Ormazabal,	G.,	Viñolas,	B.,	Aguado,	A.,	2008.	Enhancing	value	in	crucial	decisions:	the	Line	9	of	the	
Barcelona	 subway.	 J.	 Manage.	 Eng.	 24,	 265‐73.	 doi:	 10.1061/(ASCE)0742‐
597X(2008)24:4(265)	
Pardo	 F.,	 Aguado	 A.,	 2014	 Investment	 priorities	 for	 the	 management	 of	 hydraulic	 structures.	
Accepted	 in	 Structure	 and	 Infrastructure	 Engineering:	 Maintenance,	 Management,	 Life‐
Cycle	Design	and	Performance.	doi:	10.1080/15732479.2014.964267.	









Pons,	 O.,	 Aguado,	 A.,	 2012.	 Integrated	 value	 model	 for	 sustainable	 assessment	 applied	 to	
technologies	 used	 to	 build	 schools	 in	 Catalonia.	 Spain.	 Build.	 Environ.	 53,	 49‐58.	
doi:10.1016/	j.buildenv.2012.01.007.	
Pons,	O.,	de	la	Fuente,	A.,	2013.	Integrated	sustainability	assessment	method	applied	to	structural	
concrete	 columns.	 Constr.	 Build.	 Mater.	 49,	 882‐93.	 doi:	
10.1016/j.conbuildmat.2013.03.084	
Rahman,	M.A.,	Imteaz,	M.,	Arulrajah,	A.,	Disfani,	M.M.,	2014.	Suitability	of	recycled	construction	and	
demolition	 aggregates	 as	 alternative	 pipe	 backfilling	materials.	 J.	 Clean.	 Prod.,	 66,	 75‐84.	
doi:10.1016/j.jclepro.2013.11.005	
Rostum,	 J.,	 2000.	 Statistical	 modelling	 of	 pipe	 failures	 in	 water	 networks.	 Faculty	 of	 Civil	
Engineering,	Norwegian	University	of	Science	and	Technology.	Trondheim,	Norway.	
Sanjuan‐Delmás,	D.,	Petit‐Boix,	A.,	Gasol,	C.M.,	Villalba,	G.,	Suárez‐Ojeda,	M.E.,	Gabarrell,	X.,	Josa,	A.,	




in	 a	 changing	 climate.	Water.	 Resour.	Manag.	 26,	 1953–1981.	 doi:	 10.1007/s11269‐012‐
0002‐8	
Specht,	E.,	Lorenz,	N.,	2008.	Kumulatier	Energieaufward	und	CO2	–	Emissionen	bei	der	Herstellung	
von	 Abwasserrohren.	 Institut	 für	 Strömungstechnik	 und	 Thermodynamik.	 Magdeburg,	
German.	




UNE	 EN	 127916.	 Concrete	 Pipes	 and	 Fittings,	 Unreinforced,	 Steel	 Fibre	 and	 Reinforced.	 AENOR.	
2004.	
UNE	 53331,	 1997.	 Plastics.	 Unplastized	 poly(vinyl	 chloride)	 and	 high	 and	 medium	 density	
polyethylene	(pe)	pipes.	Criterion	 for	 the	assessment	of	pipes	 for	plastics	piping	systems	
with	car	without	pressure	under	external	loads).	Aenor.	
United	 Nations	 Educational,	 Scientific,	 and	 Cultural	 Organization	 (UNESCO),	 2014.	 Water	 and	
Energy.	At:	The	United	Nations	World	Water	Development	Report	2014,	vol.	1.	
Viñolas, B., 2010. Applications and advances of MIVES methodology in multi-criteria assessments. PhD 
Thesis. UPC 2011. [In Spanish]	
Yeh,	C.H.,	Xu,	Y.,	2013.	Sustainable	planning	of	e‐waste	recycling	activities	using	fuzzy	multicriteria	
decision	making.	J.	Clean.	Prod. 52,	194‐204.	doi:10.1016/j.jclepro.2013.03.003	
 
